The polycrystalline samples of complex tungsten bronze (TB) Na 2 Pb 2 R 2 W 2 Ti 4 V 4 O 30 (R=Dy, Pr) compounds were prepared by solid-state reaction technique. Room-temperature preliminary structural studies confirm the formation of the compounds in the orthorhombic crystal system. Detailed studies of electrical properties of the materials using complex impedance spectroscopy technique exhibit that the impedance and related parameters are strongly dependent upon temperature and microstructure (bulk, grain boundary, etc). An observation of negative temperature coefficient of resistance (NTCR) suggests the materials have semiconducting properties. The variation of AC conductivity with temperature shows a typical Arrhenius behavior of the materials. Both the samples obey Jonscher's universal power law. The existence of hopping mechanism in the electrical transport processes in the system with non-exponential type of conductivity relaxation is confirmed by electrical modulus analysis.
Introduction
Though a large number of ferroelectric oxides of different structural family are known today, some ferroelectrics with tungsten bronze (TB) structure have fascinated many researchers because of their interesting physical properties useful for transducer, multi-layered capacitors, microwave dielectric resonators, pyroelectric detectors, actuators, etc. The TB structure has complex crystal structure with a general chemical formula [(A 1 ) 2 (A 2 ) 4 , Ta 5+ or V 5+ atoms. As the C-site is generally empty, the above formula reduces to A 6 B 10 O 30 . The physical properties of the materials with the TB structure can thus be tailored by the substitution of varieties of cations at different interstitial sites for various applications. Detailed literature survey on various physical properties of TB structure reveals that a lot of work has been done in the past on ferroelectric ceramics of this family [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The structure and ferroelectric properties in six-valence complex TB structure compounds such as Na 2 [14] . In the present work, we mainly report the impedance properties of these materials.
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Experiment
The polycrystalline samples of Na 2 3 . These oxides and carbonate were thoroughly mixed in dry (air) and wet (methanol) medium each for 1 h using agate mortar. The calcination temperature was optimized using TGA and repeated firing. Finally, the physical mixtures were calcined at 650 ℃ for 4 h in alumina crucibles. The formation of compounds was checked by X-ray diffraction (XRD) technique using X-ray powder diffractometer (Rigaku Miniflex, Japan, Cu Kα radiation). The calcined powders were pelletized and sintered at 675 ℃ for 4 h. The pellets were coated with high-quality silver paste and dried at 150 ℃. The impedance and related parameters were measured on the pellets using a computer-controlled Hioki-LCR Hi-TESTER (Model 3532, Japan) as a function of frequency (100 Hz-1 MHz) at different temperatures (25-500 ℃).
Results and discussion
1 Sample preparation and XRD analysis
The samples of NPDWTV and NPPWTV were prepared relatively at low temperature using a standard mixed-oxide method. In our previous work [14] , the diffraction peaks of the ceramics are indexed using the standard computer program POWD [15] and the orthorhombic crystal structure is selected. The least-square lattice parameters (as reported) are: a = 18.8696(12) Å, b = 19.8915(12) Å, c = 3.8018(12) Å for NPDWTV, and a = 19.7863(7) Å, b = 19.9355(7) Å, c = 3.7269(7) Å for NPPWTV (estimated standard deviation in parenthesis).
2 Complex impedance analysis
Complex impedance spectroscopy (CIS) is a non-destructive and powerful technique to study the electrical properties of ferroelectrics and ionic conductors over a wide range of frequency and temperature. This technique also enables us to estimate the contribution of bulk, grain boundary and material electrode polarization in the impedance. For this, AC signal is applied across the sample and the output response is then measured. The impedance and related parameters of the materials give us both real (resistive) and imaginary (reactive) components. The AC response of a material is generally expressed as follows: complex impedance
is the angular frequency; 0 C is the geometrical capacitance; and j= 1  . The subscripts "p" and "s" refer to the parallel and series circuit components, respectively. Figure 1 shows the variation of Z  with frequency at different temperatures. It is found that the value of Z decreases with the increase of both frequency and temperature. The conductivity of materials increases with the rise in temperature and frequency. At high frequency, the value of Z coincides for all temperatures, implying the possible release of space charge [16] . This exhibits the relaxation in the samples [17] . The increase in the broadening of peak with the rise in temperature suggests the presence of relaxation phenomenon in the materials. The relaxation process occurs due to the presence of immobile species at low temperatures and defects and vacancies at higher temperatures [18, 19] . [20, 21] . The intercept of each semicircle on real Z  axis normally gives the value of bulk resistance. At higher temperatures, there is a tendency to form a second semicircle in one of the samples (NPDWTV). It clearly suggests that this compound has both grain and grain boundary contributions in impedance. Variation of relaxation time with temperature for NPDWTV and NPPWTV.
2. 1 Impedance analysis
respectively [22] .
2. 2 Modulus analysis
The complex electric modulus formalism can easily distinguish between electrode polarization effect and grain boundary conduction process. It is also useful in detecting the bulk properties as apparent from relaxation time [23, 24] . Figure 6 shows the variation of M  with frequency at different temperatures. It shows that, max M  shifts towards higher-frequency side with the rise in temperature. This behavior suggests that dielectric relaxation is thermally activated in which the hopping mechanism of charge carriers dominates intrinsically [17] . Asymmetric broadening of the peak indicates the spread of relaxation with different time constants, and hence the relaxation in the materials is considered as non-Debye type [20] . For NPDWTV, two peaks are observed indicating the contribution due to both bulk and grain boundary, because the capacitances of both factors are comparable. The grain boundary effect is not noticed in the impedance plot because the grain boundary resistance is small as compared to the bulk resistance. Impedance spectrum gives more emphasis to elements with the largest resistance whereas modulus spectrum enables to identify the process with the smallest capacitance. (Fig. 7) . The modulus scaling behavior gives an in-depth knowledge of the dielectric process occurring inside the materials. The low-frequency side of the peak represents a range of frequency in which charge carriers can perform hopping from one site to their neighboring site. The high-frequency side of the peak represents a range of frequency in which charge carriers are spatially confined to their potential well and thus cannot make localized motion inside the well. The small region of the peak represents the transition from long-range mobility to short-range mobility with the increase in frequency [6] . At all the temperatures, the peaks coincide at max log( / ) 1 f f  , which indicates the temperature independent behavior of the relaxation dynamic process occurring in the material [25] . In the case of NPDWTV, two peaks are observed with different time constants, which are due to grain and grain boundary contributions. 
3 Electrical conductivity
1 DC conductivity
The DC conductivity of the samples has been evaluated from the impedance spectrum using a simple relation:
where t and A represent the thickness and area of the samples, respectively. Figure 8 shows the temperature dependence of DC conductivity. It is observed that DC These values of a E are different from those calculated from the relaxation time plots. This implies that the charge carriers responsible for conduction and relaxation are different. Besides, the difference in activation energy in low and high temperature range supports the conduction mechanism of hopping type [11] . Fig. 8 Variation of DC conductivity with temperature for NPDWTV and NPPWTV.
2 AC conductivity
The frequency dependence of AC conductivity provides information regarding the nature of charge carriers. The AC electrical conductivity ( AC  ) is calculated using an empirical relation: with frequency (in the lower-frequency region) may be attributed to the disordering of cations between neighboring-sites and presence of space charge. In the high-frequency region, the curves approach each other for NPPWTV. For NPDWTV, the frequency independent plateau region is observed at higher temperature and higher frequency possibly due to the release of space charge. A close inspection on the conductivity plots reveals that the curves exhibit low-frequency dispersion phenomena obeying Jonscher's power law equation. According to Jonscher [18] , the origin of the frequency dependence of conductivity lies in the relaxation phenomena arising due to mobile charge carriers. When a mobile charge hops to a new site from its original position, it remains in a state of displacement between two potential energy minima. Moreover, the conduction behavior of the materials obeys the power law, ( ) n     , with a slope change governed by n in the low-temperature 
region. According to Funke [27] , the value of n has a physical meaning. The value of 1 n means that the hopping motion involves a translational motion with a sudden hopping, whereas 1 n  means that the motion involves localized hopping without the species leaving the neighborhood. The frequency at which slope changes is known as hopping frequency of the polarons ( p  ), and is temperature dependent. The low frequency dispersion has been attributed to the AC conductivity whereas the frequency independent plateau region corresponds to the DC conductivity.
Conclusions
The NPDWTV and NPPWTV samples have an orthorhombic TB crystal structures. Detailed studies of electrical properties indicate that the materials exhibit: ① conduction due to the bulk material up to temperature 450 ℃ for both samples; ② electrical transport governed in both the samples at temperature T > 475 ℃ characterized by the appearance of two semi-circular arcs in the impedance spectrum; ③ NTCR-type behavior; and ④ temperaturedependent relaxation phenomena. The results of impedance spectrum have been used to estimate the electrical conductivity of the materials. The activation energy estimated from the conducting pattern, relaxation time pattern and modulus pattern are nearly similar. This suggests the presence of similar type of charge carriers in the materials that are responsible for both the electrical conduction and electrical relaxation phenomena in the materials. The activation energy from grain boundary conduction plot suggests the possibility of electrical conduction due to the mobility of the oxide ion. Modulus analysis indicates non-exponential type conductivity relaxation in the material. Comparing the experimental results of NPDWTV and NPPWTV with those of others (as mentioned above), it is suggested that these two materials may be used as good dielectric materials with moderate dielectric permittivity. With the low tangent loss (i.e., high quality factor) in high frequency range, the materials may be used for microwave applications, and also for pyroelectric detector.
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